taining them in high concentration by SSF processes (Mahadik et al., 2002) . There have been many reports on lipase production by SSF using solid substrates including wheat bran (WB) (Mahadik et al., 2002) , rice bran (Venkata Rao et al., 1993) , coconut oil cake (Benjamin and Pandey, 1997) , gingelly oil cake (GOC) (Kamini et al., 1998) , babassu oil cake (Gombert et al., 1999) and almond meal (Awan et al., 2003) . However, reports on lipase production by SSF using mixed solid substrates are limited (Benjamin and Pandey, 1998; Cordova et al., 1998; Pau and Omar, 2004) and no report is available on the utilization of mixed solid substrates using WB and GOC for the production of lipase from Aspergillus niger and also on the extraction of lipase from these processes. Moreover, lipase production by various SSF processes resulted in low enzyme productivities (Benjamin and Pandey, 1997; Cordova et al., 1998; ul-Haq et al., 2002) . It is, therefore, imperative to develop a suitable process for increased lipase production with economically feasible SSF systems. Leaching of products from fermented solids is one of the critically important unit operations in the SSF system (Padmanabhan et al., 1992) and efficient downstream processing is essential for the overall economics of the SSF process (Tanuja et al., 1997) . Recently, we have shown the application of this lipase as an additive in detergent formulation due to its broad pH (4.0-10.0) and temperature stability (4°-60°C) and stability in presence of commercial detergents (Saisubramanian et al., 2006) . Accordingly, to improve its productivity, we have developed a SSF process using a mixture of solid substrates, WB and GOC, for the optimal production of lipase from A. niger MTCC 2594 and carried out extraction studies for efficient recovery of lipase.
Materials and Methods

Inoculum.
A fungal strain of Aspergillus niger MTCC 2594 isolated in our laboratory (Kamini et al., 1997) was used in this study and it was maintained on Czapek Dox agar slants at 4°C. The spore suspension for inoculation was prepared by adding 2 ml of sterile distilled water to the culture slant and the spores were dislodged using the inoculation needle under aseptic conditions. A spore suspension containing 4.3ϫ10 8 spores/ml was used as an inoculum.
Fermentation conditions. Ten grams of substrate containing WB and different amounts of WB and GOC were put into a series of 250 ml Erlenmeyer flasks, moistened with 15 ml of water in the ratio of 1 : 1.5, w/v (62% initial moisture content) and autoclaved. The flasks were inoculated with 250 ml of spore suspension (4.3ϫ10 8 spores/ml) and the contents were mixed and incubated at 30°C for 5 days. Samples were taken at 24 h intervals and extraction of the enzyme was carried out as described by Kamini et al. (1998) . Optimization studies. Consecutive optimization studies were investigated by varying the initial moisture content from 33% to 67% (1 : 0.5 to 1 : 2.0, substrate : water, w/v) and inoculum concentration from 125 to 1,000 ml (0.54ϫ10 7 to 4.3ϫ10 7 spores/g substrate). The effect of the addition of various nitrogen sources (urea, ammonium nitrate and ammonium dihydrogen orthophosphate, 5%, w/w), carbon sources (glucose, sucrose and starch, 5%, w/w) and inducers (olive oil, gingelly oil and sunflower oil, 5%, v/w) to the substrate was studied for optimal lipase production. Using optimized parameters, time course studies on lipase production were carried out and the biomass was measured indirectly by determining the glucosamine content from the fungal cells (Elson and Morgan, 1933) . All experiments were carried out in triplicate and the results were expressed as the MeanϮSD of triplicates.
Scale up of lipase production. Scale up of lipase production from 10 g flask-level to 100 g and 1 kg traylevel was carried out. Ten grams of substrate inoculum grown for 72 h were inoculated into 90 g of mixed substrate (moisture content 67%) in sterilized perforated aluminium trays to a bed depth of 15 mm and incubated for a period of 96 h and assayed for lipase activity at 24 h intervals. Similarly, the production was scaled up to the 1 kg level in sterilized perforated aluminium trays using 100 g of substrate inoculum with a bed depth of 15 mm and incubated for 96 h. The variation of temperature and humidity during the process was monitored using a portable humidometer.
Extraction studies. Extraction of lipase from the mouldy substrate was carried out by simple percolation (Srikanta, 1991) , multiple contact counter-current (MCCC) (Thakur, 1991) and plug flow methods (Ghildyal et al., 1991) using distilled water as a solvent. For simple percolation and MCCC methods, percent recovery of the enzyme was compared with the activity obtained by the method of Kamini et al. (1998) followed by repeated extractions from the mouldy substrate until no activity was obtained. The total activity obtained from 40 g mouldy substrate extracted with 1 : 10 substrate : solvent (w/v) was compared for recovery of the enzyme by the plug flow method.
Lipase assay. Lipase activity was determined according to Yamada et al. (1962) using olive oil as substrate. One unit of activity was defined as the amount of enzyme releasing 1 mmol of free fatty acid in 1 min at pH 7.0 and 37°C and the lipase activity was expressed as U/g dry substrate (U/gds) of the moldy bran. Moisture content was determined after total drying of the sample in a hot air oven at 100°C for 6 h. The protein content of the enzyme from moldy substrate was estimated according to Lowry et al. (1951) and the specific activity (U/mg protein) was calculated.
Results and Discussion
Lipase production by mixed SSF
In the light of several advantages of SSF, lipase production from A. niger MTCC 2594 was attempted with WB as substrate because of its widespread suitability, presence of sufficient nutrients and its ability to remain loose even in moist conditions, thereby providing a large surface area (Mahadik et al., 2002) . Moreover, there are only a few reports on lipase production in SSF by A. niger to date (Kamini et al., 1998; Mahadik et al., 2002; Olama and El-Sabaeny, 1993; RiveraMunoz et al., 1991) . Lipase activity obtained from A. niger MTCC 2594 was 271.6Ϯ3.7 U/gds at 72 h (Table  1 ) using WB as substrate, which was higher when compared to the activities of various microorganisms including A. niger and Penicillium candidum (RiveraMunoz et al., 1991) and Mucor javanicus (Saiki et al., 1968) . Though Mahadik et al. (2002) reported a higher activity from A. niger NCIM 1207, they used WB along with a synthetic oil based medium, SOB, which contained A. niger minimal medium, AMM (AMM contained (w/v) NaNO 3 0.05%, MgSO 4 · 7H 2 O 0.05%, KCl 0.05%, KH 2 PO 4 0.2%, yeast extract 0.1%, bactopeptone 0.5%) and 1% olive oil for growth and production of lipase. Ultimately, addition of these additives increased the cost of production and the activity obtained was also low (230.0Ϯ16.0 U/gds) in the fermented bran, when compared to our activity of 271.6Ϯ3.7 U/gds at 72 h when it was extracted with distilled water, without supplementation of any additives to the wheat bran.
Mixed solid substrates are viable substrates for SSF processes (Benjamin and Pandey, 1998) . Accordingly, a mixed SSF process was developed by adding GOC to WB, since Kamini et al. (1998) reported GOC as a suitable substrate for lipase production. Addition of GOC (2.5 g) to WB (7.5 g) increased the lipase activity significantly (384.3Ϯ4.5 U/gds) with an increase in lipase yield of 36% at 72 h over using WB alone (Table  1) ; this is the first report on lipase production using a mixture of WB and GOC (7.5 g and 2.5 g respectively).
Though there were reports on the production of lipase by mixed SSF using Candida rugosa (118.2 U/gds, coconut oil cake and WB, Benjamin and Pandey, 1998) , R. rhizopodiformis (79.6 U/gds, olive oil cake and sugarcane bagasse, Cordova et al., 1998) and A. flavus (7.2 U/gds, rice husk and rubber wood dust, Pau and Omar, 2004) , lipase activities were found to be low with all these systems. Furthermore, there was no appreciable increase in lipase activity upon addition of increasing amounts of GOC to WB as shown in Table 1 .
Optimization studies
The initial moisture content and inoculum concentration are the critical factors in SSF and their importance in enzyme production has been well established. A a The values refer to the meanϮSD of three measurements.
moisture content of 62% (substrate : water, 1 : 1.5, w/v) and an inoculum concentration of 1.07ϫ10 7 spores/g of substrate were found to be optimal for lipase production. An increase or decrease in moisture content and inoculum concentration led to appreciable decrease in lipase activity (data not shown). An increase in moisture level decreased porosity of the substrate, promoted development of stickiness and increased the chances of contamination, while a decrease in moisture level led to sub-optimal growth and a lower degree of substrate swelling which might decrease enzyme production (Lonsane et al., 1985) . There was no significant increase in lipase activity upon increasing the inoculum concentration up to 4.3ϫ10 7 spores/g of substrate (data not shown).
Supplementation of additives such as carbon sources, nitrogen sources and inducers to the mixed SSF process did not influence the lipase production (data not shown). Hence, the control system, without any additives, was used for further studies to eliminate the possibility of contamination problems and increased costs. In some microorganisms, the production level of enzymes was increased in SSF processes with addition of carbon and nitrogen sources (Pau and Omar, 2004) and inducers (Gombert et al., 1999; Mahadik et al., 2002) , while the lipase activity produced by our strain with the mixed SSF process was comparatively higher and more cost effective than other processes.
The time course of lipase production under optimum conditions (a mixture of 2.5 g GOC and 7.5 g WB, 62% moisture content and 1.07ϫ10 7 spores/g of substrate as inoculum) is shown in Fig. 1 . Lipase production initially started by 24 h followed by an exponential curve up to a maximum at 72 h (384.3Ϯ4.5 U/gds) and a decrease in the enzyme production was observed after 72 h of growth. Maximum biomass was obtained at 96 h (14.6Ϯ0.4 mg glucosamine/gds). The specific activity of the crude enzyme was 17.48 U/mg protein in the mixed SSF system and this was also higher when compared with the activity obtained by submerged fermentation (11.06 U/mg protein, Kamini et al., 1998) . The lipase productivity, expressed as U/gds/h was higher for our strain (5.34) than that of Benjamin and Pandey (1997) Mahadik et al. (2002, 630 U/gds at 144 h with a productivity of 4.37 U/gds/h) was estimated using p-nitrophenyl palmitate (pNPP) as substrate, the lipase activity of our strain was also determined using the same substrate. However, the activity was higher for our strain (640.5 U/gds at 72 h) with a productivity of 8.90 U/gds/h using pNPP as substrate. Moreover, maximum activity was recovered only when the fermented wheat bran was extracted with NaCl (1%) supplemented with Triton X-100 (0.5%) and after 6 days of growth (Mahadik et al., 2002) .
Scale up of lipase production
Scale-up strategies require transfer of the optimized process conditions developed from flask level to pilot production levels. Accordingly, lipase production was scaled up to the 100 g and 1 kg level at the laboratoryscale in tray fermentations. The yields at the 100 g and 1 kg levels were 95.0% and 84.0% respectively of the optimum activity obtained at the 10 g level ( Table 2 ). The observation of some decrease in activity at the 1 kg level could be due to an increase in temperature (30°C to 34°C) during the growth of the culture at 72 h in the trays; the humidity was about 70Ϯ2.0% throughout the process. The microbial heat generation is one of the limitations in SSF and this could be due to the generation of a large amount of a heat during the growth of the organism in SSF which is directly proportional to the metabolic activities of microorganism as reported by Pandey (1990) .
Extraction of lipase
There is a need for efficient downstream processing techniques for the success of any commercial enzyme Fig. 1 . Time course of lipase production by Aspergillus niger in mixed SSF process (optimum conditions: a mixture of 2.5 g GOC and 7.5 g WB, 62% moisture content and 1.07ϫ10 production. Therefore, leaching of products from fermented solids is one of the critical unit operations in SSF processes to achieve optimal downstream processing. The extraction procedures with solvents are important to obtain highly concentrated extracts. Accordingly, extraction of lipase from the mixed SSF was carried out by simple percolation, MCCC and plug flow methods using water as a solvent. In the simple percolation method, a maximal lipase recovery of 71.6% was obtained with a solid : solvent ratio of 1 : 12, w/v (Fig. 2) . However, the recovery was 31.5% with a solid : solvent ratio of 1 : 4, w/v and the percent recovery significantly increased with an increase in solvent concentrations. The simple percolation method resulted in dilute enzyme recoveries, requiring further concentration procedures, making this procedure quite costly (Ramakrishna et al., 1982) .
The MCCC leaching technique enabled higher solute concentrations than the percolation method (Kumar and Lonsane, 1987) . In this method, a maximum recovery of 97.0% was obtained in stage III of extraction with a contact time of 60 min (Fig. 3) , while subsequent contact times of 90 min (throughout the four stages) resulted in decreased enzyme recoveries. Studies on the extraction of lipase using a plug flow system showed an overall extraction efficiency of 59.2% (Table 3) , which was very low when compared with the extraction method described by Kamini et al. (1998) . The low enzyme yield in the plug flow system could be due to the compactness of the bed, which led to a decrease in the bed height and the compression 2007 Lipase production by mixed SSF 251 The extracts were pooled, filtered and the clear filtrate was estimated for lipase activity and the percent recovery was calculated. Fig. 3 . Extraction of lipase by multiple contact counter current method.
MCCC extraction was carried out in IV stages with a series of beakers viz., A1-A3, B1-B3, C1-C3 and D1-D3. Twenty grams of mouldy substrate were taken in beakers A1, B1, C1 and D1 respectively and 200 ml of the solvent was added to A1 and the extract was collected after a contact time of 30 min (I). The residue was transferred to A2, fresh solvent was added and incubated for a contact time of 30 min. The resulting extract was added to fresh mouldy substrate in B1. Successive transfers of the residue and the extract were carried out up to four stages. The extracts (I-IV) were estimated for lipase activity at contact times of 30 min, 60 min and 90 min and the percent recoveries were calculated. of the bed offered more resistance to the flow of solvent through the bed (Ghildyal et al., 1991) .
In this study, a mixed SSF process was developed for the production of lipase from A. niger using the substrates wheat bran (WB) and gingelly oil cake (GOC), and the results showed that addition of GOC to WB increased the lipase activity by 36.0% at 72 h. The lipase productivity expressed as U/gds/h was also higher for our strain than the values already reported and the effective utilization of low cost raw materials and an efficient extraction method has made this process economically viable for industrial applications. Moreover, this process resulted in a significant increase in specific activity of the enzyme, and studies are in progress to show the application of the dried fermented solid in the hydrolysis of vegetable oils, which are industrially and economically important for the production of biodiesel. Recently, Pel et al. (2007) have sequenced the 33.9 megabase genome of Aspergillus niger CBS 513.88, which has opened up new vistas for identification of enzyme sequences of interest, and knowledge of this whole genome would initiate future work on further improvement of lipase production from A. niger. a Extraction was carried out with 40 g of mouldy substrate which was moistened with 4.4 volumes of distilled water and loaded in a glass column (size-24ϫ4 cm and provided with a stop cock at the outlet) containing a layer of glass wool. Solvent was fed at a constant flow rate of 3 ml/min and fractions of 50 ml extract were collected, filtered and estimated for lipase activity. b Time taken for collection of 50 ml of enzyme extract from the plug flow column.
c The values refer to the mean of three measurements. d Enzyme recovery was calculated by addition of subsequent lipase activities and based on the total activity (4,880 U) obtained from 40 g mouldy substrate.
